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Abstract 
A piezoelectrically transduced MEMS resonator capable of operating in a liquid and fabricated using standard thin film 
fabrication processes is presented. The optical and electrical characterization of the (1,2) flexural mode of the device in air and 
liquid matches analytical predictions. Furthermore, the device shows an improvement in Q in liquid over air. The mass sensitivity 
of the device is 135 cm2/g, higher than typical QCM values, showing promise for liquid sensing applications. 
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1. Introduction 
Developments in thin film piezoelectric fabrication have enabled the production of piezoelectrically transduced 
MEMS resonators for sensing applications in a liquid environment. Some of the most advanced devices for liquid 
operation rely on tilted c-axis growth of the piezoelectric film to achieve quasi-shear mode resonators [1]. While 
flexural modes of piezoelectrically actuated membrane devices are often measured in air and vacuum, the quality 
factor, Q, is typically highly degraded in liquid [2] meaning they are not normally considered for sensor 
applications. Presented here are devices, fabricated using standard fabrication processes, with multiple addressable 
flexural modes that show an improvement in Q in liquid over air.  
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Fig. 1. Optical microscope image (5x magnification) of the top side of the device showing the two electrodes (left); Comparison of the mode 
shapes of the (1,2) mode in air (centre) and in water (right) as measured by Laser Doppler Vibrometry. 
The acoustic devices discussed here consist of an 880x860μm silicon membrane with two electrodes patterned on 
top of a thin film of c-axis oriented aluminium nitride on the top side of the device, an example of which can be seen 
in Figure 1. The silicon substrate is etched on the back side of the device to define the resonator membrane and 
create a detection surface that is isolated from the electrodes and interconnect on the top side of the device. In this 
way the device has been designed to avoid mutual interference between liquid sample handling and electrical 
interfacing, a necessity for application of the device as a chemical or biological sensor. 
1.1. Analytical frequency of device in vacuum 
Vibrating square membranes have been well characterized in literature and it is possible to predict the mode 
shape and frequency of certain modes analytically. The mode shape for the case of a simply supported rectangular 
plate with side lengths of La and Lb can be described with the following equation [3]: 
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In the above equation (m,n) are integers representing the mode shape of interest, which in this case is the (1,2) 
mode shown in Figure 1, as imaged using a Laser Doppler Vibrometer. The natural frequency of vibration, ω, for 
the square membrane in vacuum can be calculated using the following equation [3]:  
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Where D is the flexural rigidity and ρ is the mass density per unit area of the plate. Using this to predict the 
frequency of the (1,2) mode of a silicon plate whose dimensions are described above predicts a frequency in vacuum 
of 301 kHz.  
1.2. Predicted frequency shift in water 
If the mode shape is assumed to be the same in vacuum and liquid, an approximation that can be confirmed by 
vibrometer measurements in air and liquid as seen in Figure 1, the frequency of the vibration in the fluid can be 
calculated using equation (3) [4]. 
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In equation (3), fv is the natural frequency in vacuum, ff is the frequency in fluid, and β is the added virtual mass 
incremental (AVMI). In order to calculate β for a particular mode shape of a rectangular plate, equation (4) can be 
used [4].  
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In the above equation, Γmn is the non-dimensionalized added virtual mass incremental (NAVMI), ε is the plate 
aspect ratio Lb/La, ρf is the density of the fluid, ρp is the density of the plate and h is the thickness of the plate. For 
the (1,2) mode investigated here the NAVMI factor is 0.18 as found in literature [4]. This predicts a frequency in 
water of 113 kHz for an initial natural frequency in vacuum of 301 kHz for the (1,2) mode. 
2. Characterization of Devices 
The fundamental out of plane flexural modes of the device were measured and imaged in air and in water using a 
laser Doppler vibrometer (Figure 2). The (1,2) mode was measured at a frequency very near the analytical prediction 
calculated above, as compared in Table 1.  
     Table 1. Quality factor and resonance frequency of (1,2) mode in air and water from vibrometry 
Measurement  Air Water 
Analytical f (kHz) 301 113 
Vibrometer f (kHz) 328.4 124.4 
 Q 116.8 132.7 
 
As can be seen in the table, the analytical calculations of the frequencies for the (1,2) mode of the device 
accurately predicted the measured frequency in air and water. However, rather than being damped when immersed 
in water, the mode showed a significant improvement in Q. As opposed to the (1,1) mode of the device whose Q is 
usually severely degraded due to acoustic radiation losses into the fluid [1], the (1,2) modes are known to be less 
effective in radiating acoustic energy. In order to verify this optical result, devices were also characterized 
electrically using a network analyzer.  
 
 
Fig. 2. Laser Doppler Vibrometer frequency sweep of flexural modes in air (left) and in water (right). The (1,2) mode is the second peak from the 
left in both plots and shifts from 328.4 kHz in air to 124.4 kHz in water. 
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Fig. 3. Frequency shift and change in Q for the (1,2) mode from air to water (left); Decrease in frequency as mass is added to the (1,2) mode via 
five layers of 5nm of Cr followed by a layer consisting of 5nm of Cr and 40nm of Au (right).  
The (1,2) modes of several devices were also measured electrically with open loop characterization using the 
network analyzer as seen in Figure 3. In air, the (1,2) mode is electrically measured at an initial frequency of 331.45 
kHz and Q of 98 for a sample device. When a water droplet is placed on the backside of the device, the frequency 
decreases by 213.5 kHz and Q increases to 144 (Figure 3). Similar frequency shifts and improvements in Q have 
been measured on multiple devices across 2 chips. While a model explaining this increase in Q has not yet been 
fully developed, the relative impact of several factors including the increased inertia due to liquid mass loading and 
the modulation of acoustic radiation loss from the membrane amongst others is currently being investigated.  
Finally the mass sensitivity of the (1,2) mode was measured by depositing 6 layers of Cr (5 nm) and one layer of 
Au (40 nm) on the backside of the device. The mass sensitivity of the (1,2) mode is about 135 cm2/g (Figure 3), a 
value that compares favourably with the literature value of 22-61 cm2/g for the mass sensitivity of the traditional 
QCM sensor [1].  
3. Conclusion 
A piezoelectrically transduced MEMS resonator capable of operating in a liquid environment without interfering 
with the device electronics is demonstrated. The measured frequency of the (1,2) mode aligns with the values of 
natural frequency calculated analytically. Furthermore the negative frequency shift due to a liquid drop on the 
backside of the device can be accurately predicted. While further modeling must be done to fully understand the 
damping mechanisms, the increase in Q in liquid and high mass sensitivity are promising for future sensing 
applications. 
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